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Surface acidityAbstract Interstratiﬁed illite–smectite clay samples from Tunisia have been used in order to prepare
Al, Zr and Zr–Al-pillared clays. Several Al/metal, OH/metal ratios were used in order to investigate
the effect on the chemical and physical properties, speciﬁcally the point of zero charge (PZC) of the
synthesized pillared clays. The structure of the pillared materials is studied by XRD and cationic
exchange capacity. The textural property is investigated by the nitrogen adsorption/desorption
method. The acid–base chemistry ‘‘surface acidity’’ of these products was analysed by using mass
andpotentiometric titration in order to determine thePZCand the equilibriumconstants (pKa) of each
sample. The resultingmaterials exhibited basal spacings in the range of 17.4–20.5 A˚, with high surface
areas (134–199 m2 g1). Titration curves obtained by acid–base potentiometric titration for the start-
ing material showed an indistinct cross-over point at about pH= 7.3, whereas in the case of pillared
samples, points were observed at the acidic region between 4 and 6. In addition, the calculated pKas
values of pillared clays show a shifting to the acidic values compared to the untreated sample.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Clay materials are interesting materials as catalyst supports,
not only due to their great abundance and low cost but also
because of the particular properties and structures they possess
(Wang et al., 1998). Pillared clays are a highly porous cross-
linked product. They are generally prepared by cation
exchange of the smectite with polynuclear cations, which are
incorporated and immobilized in the interlamellar space,m Tuni-
2 S. Mnasri et al.leaving a part of the interlayer region open for adsorption and
catalysis (Awate et al., 2004; Denis et al., 2008). The pore
structure of pillared interlayered clays (PICLs) depends on
the oxide pillars and preparation methods. Furthermore, by
loading cations, the surface property of PILCs can be altered
and their pore structure can be ﬁne-tuned (Zhu and
Yamanaka, 1997). The pillared clay with zirconia and alumi-
num can be used as a support for reforming catalysts because
it has Lewis acidic sites with a very low concentration to min-
imize the carbon formed on the surface (Schuurman et al.,
1997). Al and Zr pillared montmorillonites have been receiving
considerable attention of petroleum engineers thanks to their
low cost and high cracking activity (Occelli et al., 1985;
Tokarz and Shabtai, 1985). At this point, we must emphasize
that adsorptive and catalysis properties of solids are directly
or indirectly controlled by the nature of surface charge as well
as their variation with solid solution suspension. The surface
charge depends on the activities of potential determining ions
(H+, OH) and electrolyte concentrations (ionic strength).
Consequently, a quantitative characterization of surface
charge on pillared clay minerals is necessary for a fundamental
understanding of these processes. However; due to the com-
plexity of pillared clay structures, the characterization of these
acidity properties is not easy and the acid–base reactivity is still
poorly understood. In fact, the acid–base property of clays is
widely studied but few works have been reported concerning
pillared clays: Al-PILCs (Avena et al., 1990; Mrad et al.,
1997), Cr-PILCs (Arfaoui et al., 2012) and Zr–Al-PILCs
(Denis, 2008). The origin of the electrical charge of bentonite
is of two kinds: a permanent charge created by isomorphic
substitution of Al3+ for Si4+ in mineral structure and a vari-
able charge (pH-dependent) on the edges resulting from proton
adsorption/desorption reaction on surface hydroxyl group.
Surface hydroxyl groups are located at the particle edge and
charges arise from the breaking of Al–O and Si–O bonds
resulting in amphoteric Al–OH and Si–OH surface functional
groups. Depending on pH, these surfaces can bear net nega-
tive, or positive, or no charge. The pH where the net total par-
ticle charge is zero is called the point of zero charge (PZC),
which is one of the most important parameters used to
describe variable-charge surfaces. In general, the assessment
of acid–base properties from experimental data of clays was
performed by electrophoretic measurements and potentiomet-
ric titration. On oxide minerals, the principal mechanism of the
development of surface charge is the adsorption of protons,
hydroxyls, and electrolyte cations and anions (James and
Parks, 1982). As reported in previous works (Bourikas et al.,
2005), oxide minerals have a characteristic feature of acid–base
titration data is that the titration curves, at various ionic
strengths, intersect at the same pH: the point of zero charge.
But in the case of clay minerals, it has been reported in some
earlier work (James and Parks, 1982; Avena et al., 1990;
Wanner et al., 1994; Avena and De Pauli, 1998; Missana and
Adell, 2000; Kriaa et al., 2007, 2008, 2009; Frini-Srasra and
Srasra, 2008; Arfaoui et al., 2012) that clay displays a particu-
lar acid–base behavior, in which no common intersection point
between the titration curves at different ionic strengths is
observed. This is probably due to a direct or indirect effect
of the structural charge on the dissociation reactions which
is taken into account in recent models (Kraepiet et al., 1999).
Consequently, the determination of the PZC is much more dif-
ﬁcult to interpret and predict from a crossing domain. ToPlease cite this article in press as: Mnasri, S. et al., Acid–base properties of pillared i
sian-interstratiﬁed illite–smectite. Arabian Journal of Chemistry (2014), http://dx.doavoid this problem, a systematic study was undertaken to
investigate the PZC of our starting material and the modiﬁed
samples using mass titration based on the method used by
Noh and Schwarz (Noh and Schwarz, 1989). It must be
pointed out; that the determination of PZC based on mass
titration has been the subject of many studies on layer clay
minerals (Avena and De Pauli, 1998; Kriaa et al., 2007,
2008, 2009; Frini-Srasra and Srasra, 2008). But no work
related to pillared clays was found.
The main purpose of this paper is the evaluation of the sur-
face charge characteristics in order to estimate PZCs and pKas
of the Zr and Al pillared clay and the study of the effect of the
Aluminum/zirconium amount of the mixed Al-Zr PILCs on
their acid–base properties. In order to estimate approximately
the total number of surface sites and thus, the surface equilib-
rium constants, we have applied the methodology of Huertas
et al. (1998), based on ﬁtting experimental titration curves by
least-square nonlinear regression analysis, assuming the pres-
ence of multi-sites at the surface. This method is inspired from
the nonelectrostatic model.
2. Materials and methods
Natural clay (G) from Gafsa, southwest Tunisia, was used as a
starting material in this work. The crude sample is an interstr-
atiﬁed smectite illite with a small amount of Kaolinite and con-
tains impurities mainly calcite (23%, measured by calcimetry)
and quartz. In order to prepare the pillared materials, Crude
bentonite was ﬁrstly treated with diluted HCl solution
(0.3 M) to remove carbonate. Then it was exchanged ﬁve times
with NaCl 1 mol L1, washed with distilled water to remove
excess chloride and ﬁnally, dried and ground. Chemical com-
position of the puriﬁed sample (Na-G) is (SiO2 61.38, Al2O3
24.80, Fe2O3 8.03, Na2O 3.06, MgO 1.38, CaO 0.13, K2O
1.40, expressed in the oxide form 100 g1 of the calcined sam-
ple) and its structural formula is [Si7. 43 Al 0. 57]
IV [Al2. 96 Fe0.73
Mg0.24]
VI Na0.71 K0.21 Ca0.01; O22. The cationic exchange
capacity (CEC) carried out by the Kjeldahl method is 78
meq/100 g and its speciﬁc surface area is 107 m2 g1.
2.1. Synthesis of PILCs with single and mixed oxide pillars
Pillared samples were synthesized by exchange of sodium inter-
layer cations clayswith (Al, Zr orZr–Al) oxy-hydroxy-oligomer.
Pillaring solutions of Al, Zr and Zr–Al (0.1 mol L1) were pre-
paredby slowly addingNaOH0.2 mol L1 solution to the corre-
sponding cationic solution under constant stirring at room
temperature until a desired pHwas reached (Table 1). The solu-
tionwasagedat roomtemperature for24 h.Thepillared claywas
obtained by dropwise addition of the pillaring solution to an
aqueous bentonite suspension (1% w/w). The mixture was kept
in contact at room temperature for 24 h, centrifuged, washed by
dialysis, dried at 80 C and calcined at 550 C.
The samples are labeled as a function of the nature of pil-
lars (Zr, Al or Al-Zr). The subindex values indicate the metal
percentage in the initial pillaring solution.
2.2. Characterization methods
The X-ray diffraction: XRD patterns of natural and synthe-
sized materials were collected on a ‘‘Panalylitical X’Pert High-
Score Plus’’ Cu sealed-tube radiation source (k= 1.54178 A˚).nterlayered clays with single and mixed Zr–Al oxide pillars prepared from Tuni-
i.org/10.1016/j.arabjc.2014.07.004
Table 1 Final pH and OH/metal ratios used for the synthesis of PILCs with single oxide pillars.
Samples Al-G Zr10Al90-G Zr50Al50-G Zr90Al10-G Zr-G
pH 4.1 3.8 3.8 3.8 2.8
OH/metal 2 1.97 3 3.65 4
Properties of pillared interlayered clays 3N2 adsorption–desorption experiments were carried out at
77 K on Quantachrome, USA instrument. The adsorption/
desorption isotherms were used to determine the speciﬁc sur-
face areas (SA) using the BET equation. The micropore vol-
ume was determined using the t-plot method and the total
pore volume of the samples, Vt, was calculated at P/
P0 = 0.99. Before each measurement the samples were out-
gassed for 2 h at 130 C.
The chemical analysis of the starting material and modiﬁed
samples was determined by atomic absorption, using AAS
Vario Spectrophotometer (ﬂame AAS, Analytik Jena AAS
Vario 6, Germany) in ﬂame mode, after the total dissolution
of solids using a HNO3, HCl, and H2SO4 solution.
The copper bisethylenediamine complex method (Bergaya
and Vayer, 1997) was used to determine the cation exchange
capacity (CEC) of the clays. Fifty milliliters of 1 M CuCl2 solu-
tion was mixed with 102 mL of 1 M ethylenediamine solution
to allow for the formation of the [Cu(en)2]
2+ complex. The
slight excess of the amine ensures complete formation of the
complex. The solution is diluted with water to 1 L to obtain
a 0.05 M solution of the complex. 0.5 g of dry clay sample
was mixed with 5 mL of the complex solution in an Erlenmeyer
ﬂask, diluted with distilled water to 25 mL and the mixture was
shaken for 30 min in a thermostatic water bath and centri-
fuged. The concentration of the complex remaining in the
supernatant is determined by the iodometric method. For this,
5 mL of the supernatant was mixed with 5 mL of 0.1 M HCl to
destroy the [Cu(en)2]
2+ complex and KI salt was added at
0.5 g/mL of solution. The mixture was titrated with 0.02 M
Na2S2O3 solution with starch as indicator and the CEC was
calculated from the formula:
CECðmeq=100gÞ ¼MSVðx yÞ
1000m
whereM is the molar mass of the complex, S the concentration
of the thio solution, V the volume (mL) of the complex taken
for iodometric titration, m the mass of adsorbent taken (g), the
volume (mL) of thio required for blank titration (without the
adsorbent) and y is the volume (mL) of thio required for the
titration (with the adsorbent).
Potentiometric titration measurements were performed
with a Titrando 716 automatic titrator (Metrohm) at room
temperature. For all the acid–base titrations, a certain amount
of 0.1 g of clay was added to a 15 ml water ﬂask. The suspen-
sion was ﬁrstly acidiﬁed by HCl 102 mol L1 at pH approxi-
mately 3. NaCl solution was used to stabilize the system at a
ﬁxed ionic strength (0.1, 0.01, and 0.001 mol L1). Distilled
water was added to bring the total initial volume of the suspen-
sion to 50 ml. The mixture was stirred overnight in order to
attain equilibrium. Afterward, 5 · 102 mol L1 NaOH was
used to titrate the suspension up to a pH approximately 12.
Concerning the blank system for each sample, we have used
the same mixture without clay.
Mass titration experiments were performed according to
methods described by Noh and Schwarz (1989). Each additionPlease cite this article in press as: Mnasri, S. et al., Acid–base properties of pillared in
sian-interstratiﬁed illite–smectite. Arabian Journal of Chemistry (2014), http://dx.doof 0.05 g of dry clay sample was added to 50 mL of NaCl solu-
tion at different ionic strength having a pH between 3 and 10.
After each addition, the pH was recorded after an ‘‘equilib-
rium time’’ of about 15 min. Then a new amount of sample
was introduced to make change in pH. This procedure was
repeated until no pH change was occurred.
3. Results and discussion
3.1. Characterization of puriﬁed and pillared clays
Table 2 gives the speciﬁc surface area (SBET), total pore vol-
ume (Vp), basal spacing (d001) and the cationic exchange capac-
ities (CEC) of pure and pillared clays as well as the amount of
zirconium (Zrp) and aluminum (Alp) introduced by pillaring.
Results indicate that the modiﬁcation carried out on the clay
leads, in all cases, to the successful pillaring of the material.
In fact, the shifting of d001 basal spacing from 12 A˚ (starting
clay) to 17.5–20.5 A˚ conﬁrms the modiﬁcation via pillaring.
Mixing Al with Zr in the pillaring solution leads to an increase
of the basal spacing. This improvement depends on the per-
centage of Al in the pillaring solution. The sample prepared
with a small amount of Al (10%) seems to be the sample hav-
ing the highest basal spacing (d001 = 20.5 A˚). According to the
elemental analysis, the higher the Zr/Al ratio in Zr, Al-pillar-
ing solution, the higher the Zr content in Zr, Al-PILCs. Note
that Zr/Al molar ratios in Zr, Al-pillaring solution and Zr, Al-
PILCs are different and they can point out the competition
between Al and Zr cations in the course of ion exchange. Com-
pared to the untreated clay (SBET = 107 m
2 g1), the BET sur-
face area of single and mixed pillared clays increases. This
change in surface area depends on the increase of the interlayer
process after pillaring (Gil et al., 2000) at, PILCs with mixed
oxide pillars leads to samples with SBET and Vp lower than that
in samples with single oxide pillars of Al or Zr. This can be
explained that it is due to the samples having lower accessibil-
ity to nitrogen which is due to the lower size of the pores
caused by the stufﬁng of the interlayer spacing (Konin et al.,
2001;Chmielarz et al., 2004). As can be seen, the CEC of the
pillared clays is lower than that of the untreated clay. This is
because these oligomers (Zr, Al and Zr–Al) upon heat treat-
ment are ﬁxed to the clay layer and are not accessible for
exchange by other ions.
3.2. Acid–base properties of puriﬁed and pillared bentonite
3.2.1. Mass titration curves
The mass titration analysis was performed at three NaCl con-
centrations 103, 102 and 101 mol L1. Figs. 1 and 2 show
the evolution of pH values according to the addition of solid
samples Na-G, Al-G, Zr10Al90-G, Zr50Al50-G, Zr90Al10-G
and Zr-G respectively. The pH gradually changes with the
addition of solid minerals and asymptotically approaches a
limiting value. The direction of pH variation depends on theterlayered clays with single and mixed Zr–Al oxide pillars prepared from Tuni-
i.org/10.1016/j.arabjc.2014.07.004
Table 2 Physico-chemical properties of starting and modiﬁed bentonite and the amount of the zirconium (Zrp) and aluminum (Alp)
introduced by pillaring.
d001 (
˚A) SBET (m
2 g1) Vp (cm
3 g1) Vlp (cm
3 g1) CEC (meq/100 g1) Alp (atom/cell) Zrp (atom/cell)
Na-G 12 107.2 0.15 0.021 78 0 0
Zr-G 18.17 199.5 0.21 0.063 24 0 1.16
Zr90Al10-G 20.52 176.9 0.18 0.054 26 1.30 1.67
Zr50Al50-G 19.23 162.4 0.18 0.046 28 1.36 1.32
Zr10Al90-G 18.3 134.3 0.16 0.033 36 2.33 0.47
Al-G 17.45 190.7 0.19 0.062 43 1.88 0
4 S. Mnasri et al.pH of the starting NaCl solutions. Therefore, the pH where
solid addition does not produce any change in the pH of the
initial NaCl solution can be estimated by interpolation. The
PZCs estimated in this way are marked with arrows in the Fig-
ures. These values are reported in Table 3 for all ionic
strengths. The results show that PZCs are not inﬂuenced by
NaCl concentration. In the case of puriﬁed clay Na-G the
pHPZC is about 7.3 for the three ionic strengths. This value
is in agreement with the PZC of smectitic clay ranging between
6 and 8.1 according to the experimental conditions selected by
the authors (Helmy et al., 1994; Wanner et al., 1994; Avena
and De Pauli, 1998; Zhuang and Gui-Rui, 2002; Ganor
et al., 2003; Kriaa et al., 2007).
For pillared clays the PZC are shifted to acidic pH, this can
be explained by the propriety of the polycations used in the pil-
laring process (Avena et al., 1990). The PZC values of Zr pil-
lared clays are more acidic compared to Al pillared samples.
The PZC value of Al-PILCs found by us is in good agreement
with the PZC value of Al-PILCs reported in the literature
(Avena et al., 1990; Mrad et al., 1997). The introduction of zir-
conium in the aluminum intercalated solution decreases the
PZC values of all mixed solids in comparison to the PZC ofFigure 1 Mass titration curves for Na-G bentonite before and after
Please cite this article in press as: Mnasri, S. et al., Acid–base properties of pillared i
sian-interstratiﬁed illite–smectite. Arabian Journal of Chemistry (2014), http://dx.doAl-G toward the PZC of single Zr-G which is equal to 4.7.
These values are near the PZC of ZrO2 found in the literature
which range from 4 to 5 (Haussonne et al., 2005). The decrease
of PZC correlates well with the number of Zrp calculated as
atom per cell (Table 2). Except for the Zr90Al10-G which con-
tains the highest amount of Zrp, its PZC is lower than Zr-G
simple. This is very much due to the existence of a signiﬁcant
amount of introduced aluminum (Alp = 1.30 atom/cell) that
increases the PZC.
3.2.2. Potentiometric titration curves
The acid–base potentiometric titration curves at different salt
concentrations were used to measure the proton adsorption
or proton charge. All experiments for charge determination
were carried out under ambient laboratory conditions. The
experimental method employed was similar to that used by
Huertas et al. (1998) and Sposito (1998). The NaCl electrolyte
concentration was adjusted to 103, 102 and 101M. The pro-
ton surface charge density rH (mol m
2), determined from
potentiometric titration was calculated as the difference
between total amounts of H+ or (OH) added to the
dispersion and required bringing a blank solution of the samepillaring with single Al and Zr precursor for each ionic strength.
nterlayered clays with single and mixed Zr–Al oxide pillars prepared from Tuni-
i.org/10.1016/j.arabjc.2014.07.004
Figure 2 Mass titration curves for Na-G bentonite before and after pillaring with mixed Al-Zr precursor for each ionic strength.
Table 3 PZC determined from mass titration curves of the samples.
I (mol L1) PZC
Na-G Al-G Zr10Al90-G Zr50Al50-G Zr90Al10-G Zr-G
101 7.27 5.9 5.94 5.48 5.11 4.70
102 7.29 6.10 6.06 5.49 5.11 4.72
103 7.33 6.15 6.09 5.5 5.14 4.74
Properties of pillared interlayered clays 5NaCl concentration to the same pH (Schroth and Sposito,
1997).
rHðmol m2Þ ¼ V
m
S ½Hþb  ½Hþs
  Kw½Hþb 
Kw
½Hþs
  
ð1Þ
where, V is the volume of electrolyte solution equilibrated with
clay (50 mL), [H+] is the solution proton concentration (M),
Kw is the dissociation product of water (10
14), subscripts
‘‘s’’ and ‘‘b’’ refer to sample and blank solutions, m is the mass
of sample used (0.1 g), and S is the speciﬁc surface area
(m2 g1).
Figs. 3 and 4 show the acid–base potentiometric titration
curves of the starting and modiﬁed bentonite dispersed in dif-
ferent NaCl concentrations. The pure and pillared clay sur-
faces undergo protonation followed by deprotonation. For
Na-G, below pH< PZC and in acidic range, the cation
exchange at layer sites and protonation of edge sites („AlOH
groups) occur simultaneously. For pH > PZC and in alkalinePlease cite this article in press as: Mnasri, S. et al., Acid–base properties of pillared in
sian-interstratiﬁed illite–smectite. Arabian Journal of Chemistry (2014), http://dx.dopH range, deprotonation of surface hydroxyl groups exposed
at the edge sites („SiOH and„A1OH at high pH) of smectite
platelets causes an overall negative charge. The behavior of
these curves is almost the same in the considered pH range
and resembles those in the literature (Avena and De Pauli,
1998; Kriaa et al., 2007) with the difference that they had weak
slope rH vs. pH, in the pH near to crossing the pH axis. This
can be explained, in agreement with Avena and De Pauli
(1998) by an edge-to-face interaction between positively
charged edges and negatively charged faces or H+ adsorption
exchanging some Na+ ions in faces that would slow the pro-
tonation of hydroxylated sites at the edges. In addition, the
increase in the slopes of the titration curves at pHs < 5 is also
of interest. This increase in the adsorption of H+ ions for the
bentonite sample can be explained by the Na+–H+ exchange
according to the following equation, reported by Delgado
et al. (1986):
Na-smectiteþHþ ! H smectiteþNaþterlayered clays with single and mixed Zr–Al oxide pillars prepared from Tuni-
i.org/10.1016/j.arabjc.2014.07.004
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Figure 3 Potentiometric titration curves at I= 101, 102 and 103 (M) for Na-G and Zr and Al-pillared samples.
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Figure 4 Potentiometric titration curves at I= 101, 102 and 103 (M) for Zr–Al-pillared samples.
6 S. Mnasri et al.Comparing the behavior of acid–base potentiometric titra-
tion curves of pillared samples with those of Na-G bentonite
we can conclude that the acid–base properties of starting and
modiﬁed samples are similar. All studied surfaces undergo pro-
tonation and deprotonation reaction in the pH range 3–10.Please cite this article in press as: Mnasri, S. et al., Acid–base properties of pillared i
sian-interstratiﬁed illite–smectite. Arabian Journal of Chemistry (2014), http://dx.doHowever the differences in the shape of the curves may be
explained by the differences in the composition of all samples.
In fact, the creation of new sites in the case of pillared clay
must be considered (i) protonation of pillar sites „AlOH or/
and „ZrOH before the PZC (ii) deprotonation of these sitesnterlayered clays with single and mixed Zr–Al oxide pillars prepared from Tuni-
i.org/10.1016/j.arabjc.2014.07.004
Table 4 h (mol/m2), pKa and PZC estimated with Model I for Na-G and pillared samples.
Samples I (M) h1 h2 pKa1 pKa2 PZC= 1/2 ðpKa1 þ pKa2 Þ
Na-G 101 4.91 5.08 4.47 10.11 7.29
102 3.35 4.28 4.45 10.15 7.30
103 2.3 2.09 4.49 10.17 7.33
Zr-G 101 3.21 2.90 3.19 6.28 4.71
102 3.03 2.15 3.33 6.11 4.7
103 2.13 1.13 3.29 6.21 4.73
Zr90Al10-G 10
1 5.48 2.99 3.18 6.78 4.98
102 4.57 2.44 3.33 6.71 5.02
103 3.81 2.43 3.19 6.88 5.03
Zr50Al50-G 10
1 5.09 5.03 3.87 7.3 5.58
102 4.38 4.33 3.25 7.78 5.51
103 3.19 2.79 3.38 7.68 5.53
Zr10Al90-G 10
1 5.79 3.62 3.95 8.35 6.15
102 4.37 3.19 3.97 8.31 6.13
103 3.40 2.63 4 8.39 6.19
Al-G 101 5.47 4.11 5.12 7.3 6.21
102 5.39 4.03 5.25 7.13 6.19
103 5.31 3.97 5.17 7.31 6.24
Properties of pillared interlayered clays 7after the PZC. In addition, we should note that the weakly
acidic surface functional groups („XH) accounting for ion
exchange reaction can be neglected in the case of the different
pillared samples because pillared samples have a low cation
exchange capacity. Beside, the point of interception of rH
curves of single and mixed pillared bentonite indicated that
the surface became more negative. The pHPZC decreases from
7.3 to 5 after pillaring.
To describe the behavior of starting and modiﬁed benton-
ite, our approach is similar to that used by Huertas et al.
(1998) for kaolinite. We assume that one protonation-deproto-
nation occurs at solid surface. The protonation and deproto-
nation reactions of a surface site „MOH are represented by
the following equations:
BMOHþHþ¡BMOHþ2 ð2Þ
BMOH¡BMOHþ ð3Þ
The acid dissociation constant Ka1 and Ka2 of „MOH and
BMOHþ2 respectively can be written as follows:
Ka1 ¼
XMOH  aHþ
XMOHþ
2
ð4Þ
Ka2 ¼
XMO  aHþ
XMOH
ð5Þ
where aHþ is the aqueous proton activity and Xi is the molar
fraction of the surface species.
Xi is donated by the following equation: Xi ¼ hihM
In which hM and hi are the total surface density site and the
surface density of any site respectively.
The mass balance for each kind of surface sites is given by
the sum of the positive, neutral, and negative species:
hM ¼ hMOHþ
2
þ hMOH þ hMO
¼ hMðXMOþ
2
þ XMOH þ XMOÞ ð6ÞPlease cite this article in press as: Mnasri, S. et al., Acid–base properties of pillared in
sian-interstratiﬁed illite–smectite. Arabian Journal of Chemistry (2014), http://dx.doIf we consider, as an approximation, that the positive and
negative complexes are the only charged species, respectively,
below and above the pHPZC; Eq. (6) may be simpliﬁed as
follows:
hM ¼ hMOHþ
2
þ hMOH ¼ hMðXMOHþ
2
þ XMOHÞ at pH < pHPZCð7Þ
hM ¼ hMOH þ hMO ¼ hMðXMOH þ XMOÞ at pH > pHPZC ð8Þ
And consequently, after rearranging expressions (4) and
(5), the acid dissociation constant Ka1 and Ka2 can be obtained:
Ka1 ¼
hM  aHþ
hI
 aHþ ð9Þ
Ka2 ¼
hII  aHþ
hI
ð10Þ
The surface site density
hi ðhI ¼ hMXMOHþ
2
and hII ¼ hM XMOÞ was estimated by ﬁt-
ting the sections of the potentiometric titration curves using
least-square nonlinear regression analysis.
From Ka1 and Ka2 value we calculated the PZC value for
each sample using the following equation:
PZC ¼ pKa1 þ pKa2
2
ð11Þ
Results of calculation for all samples are listed in Table 4.
First, one may deduce that there is a very good agreement
between acid–base potentiometric titration and mass titration
curves. Second, the overall surface ionization constants for
the protonation and deprotonation reactions of our pillared
samples are in the range 3 < pKa1 < 5 and 6 < pKa2 < 8:5.
The pKa2 of pillared samples are lower than the value found
in the case of untreated clay. This can be explained by acidic
comportment of pillars especially the Zr species used in the pil-
laring process (Haussonne et al., 2005).
In the previous calculation, we assumed the existence of
two types of sites: a homogenous acidic site (pH < PZC)
and a homogenous basic site (pH > PZC). Here, the two
sites-two pKas model (Model I) is considered. This model sim-terlayered clays with single and mixed Zr–Al oxide pillars prepared from Tuni-
i.org/10.1016/j.arabjc.2014.07.004
Table 5 h (mol/m2) and pKa estimated from Model II for Na-G and pillared samples.
I (M) h1 pKa1 h2 pKa2 h3 pKa3 h4 pKa4 h5 pKa5 h6 pKa6
Zr-G
101 2.09 3.12 3.25 3.53 0.732 4.29 0.735 5.20 2.03 6.66 1.09 9.12
102 3.57 3.18 3.49 3.58 2.81 3.98 3.42 5.05 2.86 7.02 3.37 9.60
103 3.11 3.28 2.21 3.73 3.02 3.93 5.11 5.13 1.08 6.36 4.09 9.06
Zr90Al10-G
101 3.72 4.25 1.10 4 .85 3.09 4.97 1.11 6.15 1.95 7.23 2.61 9.01
102 4.07 3.4 5.62 3.87 2.81 4.13 6.22 5.29 3.97 7.14 3.15 9.39
103 2.7 3.68 1.26 4.17 2.18 4.45 1.66 5.60 5.21 7.35 4.09 9.97
Zr50Al50-G
101 2.18 3.64 1.71 4.18 2.53 4.65 4.11 5.84 2.13 7.4 3.21 9.62
102 1.33 2.89 3.58 3.33 1.24 4.54 3.84 5.64 3.35 8.25 2.91 10.11
103 1.5 2.92 3.52 3.83 1.11 4.61 3.59 5.74 3.14 8.08 3.04 9.99
Zr10Al90-G
101 1.06 3.53 1.10 4.68 5.63 4.71 1.57 5.28 3.34 6.53 4.11 10.89
102 1.11 3.25 1.35 4.23 1.32 5.42 1.36 6.72 3.08 8.69 1.16 10.15
103 1.88 3.21 2.01 4.11 4.87 6.36 1.12 8.45 2.13 9.78 3.24 10.6
I (M) h1 pKa1 h2 pKa2 h3 pKa3 h4 pKa4
Al-G
101 3.78 4.51 1.89 6.48 4.44 8.21 1.10 10.41
102 3.35 4.40 2.33 6.51 2.04 8.11 2.52 10.35
103 3.15 4.39 1.6 6.49 2.42 8.18 1.72 10.41
Na-G
101 4.17 4.70 3.13 6.73 1.42 8.93 3.77 10.12
102 2.63 4.73 2.98 6.59 4.83 9.02 1.12 10.28
103 3.97 4.67 2.03 6.52 1.47 8.99 2.2 10.17
8 S. Mnasri et al.pliﬁes the heterogeneous Na-G bentonite and pillared sample
surface as a system with two uniform sites.
To better explain the surface properties of our samples and
based on the difference in the shape of rH versus pH curves, we
also tested the multisites model (Model II). In the case of Na-G
and Al-G, results of this study lead to two sites-two pKas in the
acidic domain and two sites-two pKas in the basic one. How-
ever; by using this model, we got three sites-three pKas in the
protonation and in the deprotonation sections for pillared
sample containing zirconium showing that modiﬁcation with
zirconium creates new active sites. pKa and hi values estimated
with Model II are summarized in Table 5. We see clearly that
the pKa values obtained from Model II as from Model I
(Table 4) show the stronger acidic surface sites of samples rich
in zirconium. However; Model II considers the heterogeneity
of the sample surface and gives more detailed description of
the acid-base behavior of modiﬁed and starting bentonite.
We can see that Model II allows the distinction of the stronger
basic sites (pKa > 9). In fact, using Model I, the pKa2 of mod-
iﬁed sample ranges from 6 to 8. But when using Model II, we
can obtain pKa  10.
4. Conclusion
The acid–base properties of pillared interlayer Tunisian int-
erstratiﬁed illite–smectite clay with single oxide pillars of Zr
and Al and mixed oxide pillars are studied in this paper. The
value of PZC of puriﬁed Tunisian illite–smectite is about 7.3.
The pillaring with Al or Zr polyhydroxy species changes the
surface charge properties of the sample as a whole, althoughPlease cite this article in press as: Mnasri, S. et al., Acid–base properties of pillared i
sian-interstratiﬁed illite–smectite. Arabian Journal of Chemistry (2014), http://dx.dothe clay retains most of its original structural charge. Data
of both methods using potentiometric titration and mass titra-
tion show that pillaring produces a shift of the PZC to the
acidic pH. This decrease can be explained by the dominance
of the acidic nature of the pillars and especially pillars rich
in zirconium. Application of the two surface protonation mod-
els leads to reasonable descriptions of the surface properties
and their modiﬁcation with pillaring but the multisites model
gives more details. The Zr and Zr/Al pillared clays have more
acidic properties which can favor their use for catalysis and
cracking activities.
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